Recent investigations have found that Salmonella can be routinely recovered from peripheral lymph nodes (PLNs) of cattle presented for harvest. When contained within the PLNs, this foodborne pathogen is protected from currently used postharvest, inplant intervention strategies and, therefore, PLNs harboring Salmonella may be a potential contaminant of ground beef. The objective of this work was to develop a challenge model that effectively and repeatedly results in Salmonella-positive PLNs. A 10-lancet skin-allergy instrument was inoculated with Salmonella, and calves were inoculated intra-and/or transdermally by applying the device over various ventral regions of the skin. Salmonella was successfully and predictably recovered from regionspecific PLNs up to 8 days postchallenge. Furthermore, serotypes inoculated within specific regions were only recovered from the PLNs draining those regions. This model provides a method to predictably infect PLNs with Salmonella. Further, this model makes it possible to determine the duration of infection and to evaluate candidate interventions that may shorten the duration of infection.
Recent reports indicate that it is not uncommon to recover Salmonella from the peripheral lymph nodes (PLNs) of cattle presented for harvest (1, 6) ; moreover, others have implicated Salmonella-positive PLNs as a likely source of Salmonella in ground beef (7) . Because Salmonella is a gastrointestinal pathogen (2-4), it seems logical that PLN infection by Salmonella occurs via systemic spread from the gastrointestinal tract. This hypothesized route has been supported by studies in which Salmonella was isolated from the mesenteric lymph nodes of healthy cattle at slaughter (10) and systemic translocation of Salmonella from the small intestine was found to occur via the lymphatic system (8, 9) . However, recent attempts in our laboratory to develop an experimental model of Salmonella infection of the PLNs using an oral challenge (5) have produced inconsistent and, therefore, unpredictable results.
We hypothesize an alternate, or supplementary, route by which Salmonella may infect PLNs, whereby Salmonella crosses the host's integument transdermally. This may occur as a consequence of abrasions, diseases of the integument, or other means such as biting flies, whereby Salmonella is introduced intradermally or transdermally and then transported from the interstitial spaces to the regional draining PLNs. If so, then we further hypothesize that a model in which Salmonella is challenged either intradermally or transdermally may provide a more consistent infection of PLNs. The objective of this study was to develop and evaluate the intra-and transdermal routes of inoculation as potential models of PLN infection with Salmonella.
MATERIALS AND METHODS
Care, use, and handling of experimental animals were preapproved by the Animal Care and Use Committee of the Food and Feed Safety Research Laboratory, U.S. Department of Agriculture. Because of the unknowns associated with a transdermal route of inoculation and because these studies are necessarily terminal in nature, a series of studies were developed to provide proof of principle and subsequent model development while limiting the number of animals involved. All steers were individually penned in covered, concrete floored pens with feed (hay and grain) and ad libitum water to meet the animal's nutritional requirements.
Proof of principle study I. Of five Holstein steers (approximate body weight 635 kg), three were inoculated with Salmonella and two were controls. Animals were restrained in a squeeze chute, and each leg was immobilized. Salmonella inocula were injected intradermally above the metacarpus and metatarsus using a 1.0-ml tuberculin syringe fitted with a 22-gauge, 1.5-in. needle. Tryptic soy broth (TSB, 1 ml) containing the Salmonella (10 8 CFU Salmonella per ml) or corn oil (control) was administered in a series of five injections (0.2 ml per injection site) in each of the four legs. Four serovars were used: pansusceptible Salmonella Montevideo was inoculated in the right foreleg, multidrug-resistant (MDR) Salmonella Newport in the left foreleg, MDR Salmonella Typhimurium in the right rear leg, and pansusceptible Salmonella Senftenberg in the left rear leg. Steers were necropsied 2, 3, and 4 days following treatment administration (one treated steer on day 2; one control and one treated steer on each of days 3 and 4). Steers were euthanized (Euthasol, Delmarva Laboratories, Inc., Midlothian, VA), and the right and left subiliacs, popliteal, and superficial cervical nodes were collected, weighed, and cultured for the challenge strains of Salmonella.
Proof of principle study II. One Holstein steer (approximate body weight 150 kg) was utilized to evaluate an alternative method for intradermal inoculation of Salmonella. A 10-microlancet, skinallergy testing instrument (ComforTen Multiple Skin Test Device, Hollister-Stier Allergy, Spokane, WA) was dip inoculated with MDR Salmonella Typhimurium (TSB with 4.5 | 10 8 /ml Salmonella) or pansusceptible Salmonella Senftenberg (TSB with 3.8 | 10 8 /ml Salmonella). The instrument is designed to penetrate intradermally, not subcutaneously. The inoculated instrument was applied with light pressure both medially and laterally (twice each) above the metacarpus and metatarsus of the steer; Salmonella Typhimurium was inoculated in the right legs and Salmonella Senftenberg in the left legs. In between applications (i.e., four applications per leg), the 10-lancet instrument was redipped into the appropriate Salmonella broth, and a new instrument was used for each leg. Two days following Salmonella challenge, the steer was euthanized and necropsied as above and Salmonella was cultured.
Proof of principle study III. Two Holstein steers (approximate body weight 180 kg) were used to further examine the suitability of the 10-lancet inoculation instrument. Each steer was challenged with MDR Salmonella Newport (instrument was dip inoculated into TSB with 1.9 to 3.7 | 10 8 Salmonella per ml) administered to each leg (five instrument applications per leg; one anterior and two each on medial and lateral sides of metacarpus and metatarsus). Each leg was inoculated at different times, with the right fore, right rear, left fore, and left rear legs inoculated 2, 4, 6, and 8 days prior to necropsy, respectively. Steers were euthanized and lymph nodes harvested as described above.
Lymph node processing and bacterial culture. Lymph nodes were transferred to the laboratory within 30 min of collection and processed as described previously (1) . Tetrathionate broth (20 ml) was added to each sample bag containing the processed lymph node and was mixed for 60 s. For quantitative estimation, 1 ml of the pulverized lymph node-tetrathionate broth mixture was removed and 50 ml was direct plated on xylose lysine deoxycholate agar using a commercially available spiral plater (Spiral Biotech Autoplate 4000, Advanced Instruments, Inc., Norwood, MA). Plates were incubated (37uC, 24 h), followed by an additional 24 h at room temperature. Black colonies were counted and converted to log CFU per gram lymph node tissue. Following spiral plating, an additional 80 ml of tetrathionate broth was added and the lymph node-tetrathionate mixture was incubated overnight (37uC). Then 100 ml of the enrichment was transferred to 5 ml of RappaportVassiliadis broth and incubated at 42uC for 24 h, prior to plating on brilliant green agar supplemented with novobiocin (25 mg/ml). Plates were incubated (37uC, overnight), and presumptive Salmonella isolates were serogrouped (five isolates per positive sample) using slide agglutination with Salmonella antiserum (Difco Laboratories, Detroit, MI).
RESULTS AND DISCUSSION
The intradermal route of inoculation described herein predictably resulted in Salmonella-positive PLNs. In the first study, the majority of PLNs examined in the three Salmonella-treated steers were culture positive for the specific challenge strains, and most contained significant quantifiable concentrations (2.9 to 5.3 log CFU/g lymph node tissue; Table 1 ). The exceptions were that all subiliac lymph nodes were culture negative. Furthermore, the route of inoculation provided excellent serotype-region specificity; we only recovered the serotype (represented by distinct serogroups) from the PLNs that drain the region of inoculation. We did not recover any Salmonella from the PLNs of the two control steers. Mild to moderate swelling and lameness were observed in the steers inoculated with Salmonella but not in the controls. Although every effort was made to administer the Salmonella intradermally, controlling the depth of the injection using the tuberculin syringe was difficult.
Because of the challenge using the syringe and lameness issues, we then used the 10-microlancet instrument. No swelling or lameness was observed following the use of this instrument; furthermore, it required minimal animal restraint and improved the ease of application. Use of this instrument in the second proof of principle study resulted in recovery of Salmonella from both the left popliteal and left superficial cervical PLNs, whereas those of the right legs and the subiliac nodes were culture negative (data not shown). In contrast to the first study, however, the concentration of Salmonella within the PLNs was below the limit of quantification.
Isolates cultured from the lymph nodes of the left leg all belonged to serogroup B, the same serogroup administered to the left legs. Results from the third proof of principle study were similar to the second. In one steer, Salmonella was recovered from both right and left superficial cervical and popliteal PLNs; in the other steer, Salmonella was only recovered from the left superficial cervical PLNs ( Table 2) . None of the PLNs contained quantifiable Salmonella populations. All lymph node isolates belonged to serogroup C 2 , the same serogroup used to inoculate all legs in both animals. Salmonella was recovered from the lymph nodes at 2, 4, 6, and 8 days postinoculation. All subiliac lymph nodes were culture negative. Herein, we describe the development of a challenge model that predictably results in Salmonella-positive PLNs. The intradermal route of inoculation is novel and somewhat unconventional, but we believe it is an appropriate approach, given that we hypothesize that a proportion of the Salmonella observed in PLNs of cattle presented for harvest in the United States crosses the integument transdermally. This model provides distinct advantages over other routes of infection used, such as oral or intravenous. First, this route of inoculation predictably results in Salmonella-positive PLNs for at least 8 days postinoculation. With this approach, an estimate of the duration of infection can be made, and the impact of interventions, such as a vaccine, on the duration of infection can be evaluated. Duration of infection is an important biological attribute because prevalence, e.g., prevalence of Salmonella-positive PLNs in cattle presented for harvest, is a function of incidence and duration of infection. Incidence, rate of new PLN infections per unit time, is difficult to measure directly in real-world settings, but it can be estimated if the duration of infection is known. A further advantage is that this model allows examination of the effect of an intervention against multiple serotypes within an individual animal and the individual can serve as its own control, given the regional specificity of inoculation and recovery. This salient observation will reduce the number of animals required in future challenge models.
A limitation of the 10-microlancet instrument is that a single-day inoculation resulted in concentrations of Salmonella within PLNs that were below the limit of quantification, yet this approach did not result in lameness or swelling and was well tolerated by the animals. On the other hand, the syringe application provided predictably quantifiable concentrations of Salmonella in the regional PLNs, but unfortunately, this method of inoculation (and the amount of inoculum) resulted in overt lameness and swelling and was difficult to administer. A further limitation of the approaches described herein is that none of the subiliac PLNs were positive for Salmonella following inoculation. This may be viewed as an important shortcoming since most of the work demonstrating recovery of Salmonella from PLNs of cattle presented for harvest has used the subiliac PLNs. In a companion paper (5), however, we describe the use of a 10-microlancet instrument to inoculate Salmonella intradermally over the ventral abdomen region, resulting in predictably positive subiliac PLNs.
The studies described herein should be viewed as a series of proof of principle studies. We specifically limited the number of animals in each study. Further, we used animals of different sizes. Despite the limited number of animals and the various sizes, the intradermal route of inoculation proved to be predictable and, we believe, a suitable challenge model to result in Salmonella-positive PLNs. We cannot completely rule out the possibility that some of the isolates we recovered were a result of previous exposure and not of the challenge. However, the excellent specificity of the serogroups recovered to those of the regionally inoculated strains suggests that prior exposure is not a high probability.
